Abstract: We demonstrate thermal stabilization of a Raman fiber laser. At 1680 nm the laser emission exceeds 500 mW with a power variation below 0.5 %, both linewidth and wavelength variations are under 1 pm. 
Introduction
Distributed Bragg reflector (DBR) Raman fiber lasers (RFL) operating outside the wavelength bands covered by typical rare-earth doped fiber lasers, have recently been demonstrated with pm linewidths (LW) [1, 2] , along with distributed feedback RFL's enabling further LW reduction [3] . Narrow spectral LW and stable linear output polarization are required for applications, such as second harmonic generation, spectroscopy and wavelength (WL) conversion [4] . Narrow LW DBR-RFLs can suffer from output power variations of up to 40 % [2] , when no means of stabilization is applied. In this paper we demonstrate a high degree of power and spectral stability for a narrow LW RFL, with sub pm variations of both the central WL and LW, along with output power variations below 0.5%.
We show the output power and LW stability of a monolithic DBR-RFL operating at 1680 nm with a 67 % slope efficiency and an output power exceeding 0.5 W. The investigated RFL, is pumped at 1564 nm and emits at the Raman gain peak at 1680 nm. We compare mechanical and thermal tuning and stabilization of the fiber Bragg gratings (FBG) defining such a cavity, and we show how the power and LW stability of the output is affected. To optimize the cavity with respect to stability we have implemented an active feedback temperature control of the FBGs based on proportional−integral−derivative (PID) control. In characterizing the RFL output stability, both the output power and spectral characteristics were monitored across a duration of several hours. 
Experimental Results
The experimental setup is shown in Fig. 1(a) , depicting a 140 m monolithic RFL cavity containing 3 FBGs. The Performance of the polarization maintaining (PM) RFL was discussed in [5] . The fiber is a PM Raman speciality fiber from OFS Fitel Denmark. FBG 1 and FBG 2 define the laser cavity, whereas FBG 3 acts as a pump reflector that provides increased pump efficiency through dual pass amplification. FBG 1, 3 has an estimated reflectivity R > 99% and FWHM of 135 pm. The output FBG 2 is estimated to have a reflectivity of 5 dB and FWHM of 28 pm. The output of the RFL depends on the alignment of FBG 1 and FBG 2 . The FBGs were realized by UV inscription with a 50 mm phasemask at NKT Photonics, for which the narrow LW gratings provides a high sensitivity to changes in temperature or mechanical perturbations. The WL tunability was 12 pm/ o C for thermal tuning and 2.36 pm/mN for stretching.
In Fig. 1(b) the output spectrum of the RFL is mapped as a function of the temperature detuning ΔT between the two signal FBGs. The triangle marks the peak output power value and the white contour lines enclose the area where the normalized intensity exceed 0.5. To the right in Fig. 1(c) the corresponding normalized total output power and LW is shown, where the output maximum is identified at ΔT = 4.8 o C. The maximum output power is 517 mW, with a 24 pm LW. The best output power to LW ratio was found at ΔT = 13 o C, resulting in an output power of 368.5 mW with a LW less than 14 pm, limited by the resolution of the used OSA. The output power was found to have a high degree of temperature sensitivity. A detuning of 0.8 o C from the optimum value results in a 50% power reduction. The periodic structure of the spectrogram in Fig. 1(b) is a result of a non-uniform transmission spectrum of the FBG. The ripples in the grating transmission spectrum cause oscillations in the output when the relative grating alignment is adjusted.
Consistent with results in [2] , it was found that without minor adjustments to the relative alignment of the two signal FBGs, the output of the RFL would be unstable both in terms of power variations, but also in terms of drifting WL of emission and changing LW. To increase the stability of the RFL, different means of alignment of the FBGs were investigated. Initially, the output FBG was adjusted using a micrometer-stage and a strain gauge providing a few mN of accuracy in the WL tuning of the FBG. The results are shown in Fig. 2(a) , for which the measured std. deviation is indicated for the injected pump power, the output power, the change in LW and the shift in WL. An output power stability of 0.2% was obtained, whereas clear shift in WL along with LW changes were evident. Subsequently, thermal alignment of the FBGs was implemented by enclosing the FBGs in separate aluminium heatsinks connected to a peltier element. Tuning the FBG temperature, without feedback control, provided an increase in both LW and WL stability as depicted in Fig. 2(b) . Temperature stabilization utilizing feedback from a thermocouple sensor enclosed in the heatsink along with PID control was realized, enabling accurate control and stabilization of the FBG. The results are shown In Fig. 2(c) . A std. deviation in the measured FBG temperature of less than 20 mK was obtained. For an average output power of 680.5 mW and an average LW of 29 pm, a power stability of 0.43 % along with both a LW and WL stability below 1 pm was achieved.
Conclusions
Small alignment errors of the cavity FBGs impacts both output power, wavelength and linewidth, and a 0.8 o C detuning between the gratings was found to reduce the output power by 50 %. The importance of accurate temperature alignment of the cavity gratings was demonstrated, with an output power exceeding 500 mW for a 24 pm linewidth and 368.5 mW for a linewidth less than 14 pm. As a consequence of our improved cavity design including active feedback control, a driftless output was obtained for 680 mW output power at 1680 nm with a std. deviation in both linewidth and central wavelength below 1 pm. Furthermore yielding output power variations below 0.5 %.
